Iron has long been recognized as an essential element for growth and chlorophyll formation in higher plants (2) and, more recently, for photosynthetic bacteria (7, 8, 9) .
Despite a wide variety of studies on iron deficiency chlorosis (1, 18) , there is no specific information on the site of action of iron in chlorophyll formation. The purpose of our study was to identify this site or sites.
The use of higher plants for physiological and biochemical studies presents certain disadvantages. For reasons outline-l elsewhere (15) , the alga Euiglena gracilis combines certain favorable characteristics of higher plants and microorganisms for investigations involving trace metals. Since, in addition, the physiology of chlorophyll production in Euiglena at least superficially resembles that in higher plants (20) and an iron requirement for growth has been established (13), we thought that Euglena might be especially suitable for investigating the role of iron in chlorophyll formation.
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Methods and Materials
Euiglenagracilis (Klebs), Z strain (Hutner) , was originally obtained from Dr. S. Hutner. Growth Conditions. The culture me ium was as described previously (4, 15 (19) prior to iron determination. At the suggestion of Dr. R. E. Thiers, a small amount of organic matter (filter paper) was added to platinum dishes when standard solutions of inorganic iron were to be ashed; otherwise recovery was low.
Protein Nitrogen. Samples of cell suspension containing 0.2 to 1 mg of total nitrogen were diluted to about 5 ml volume with 6 % trichloracetic acid, heated in a boiling water bath for 15 minutes, cooled, and centrifuged. The supernatant fractions were discarded and the sediments washed 3 times with 6 % trichloroacetic acid and transferred to Kjeldahl flasks calibrated to 50 ml. The sample was digested, cooled, and brought to 50 ml with distilled water. The acid digestion was then followed by nesslerization (10, 15 
Results
Growth as a Function of Iron Level. The components of the growth medium were analyzed for iron and those that contributed more than 0.2 ,ug iron per liter of final medium were purified. Unpurified glutamic acid from several sources contained sufficient iron to satisfy completely the requirements of the alga. By means of our extraction method, we succeeded in purifying glutamate sufficiently to limit growth to about 10 % of the iron-supplemented controls (table 1) .
In order to establish the iron requirement for growth we studied the relationship between iron concentration in the growth medium and the kinetics of growth of the organism. Ferrous sulfate was added to the purified medium to make a final concentration of added iron between 0 and 3.6 X 10-5 M; 50 ml volumes were inoculated in 250 ml nephelo-culture flasks and the cultures shaken at 250 under laboratory light.
Growth was measured continuously until the cells ceased to grow. The time course of growth of some cultures are shown in figure 1. Over most of the growth period the cultures containing 5 x 10-7 M iron or more showed exponential kinetics; at lower concentrations of iron growth kinetics were at no point exponential.
Preliminary Iron-deficient cells were suspended in different medium components and the rates of chlorophyll formation nmeasured. The rate of chlorophyll synthesis was promoted by iron; the effect of iron was not increased by ethanol, glutamate or other components of the medium (table III and fig 2) .
The promotion by iron of chlorophyll synthesis in iron-deficient cell suspensions indicated to us that the iron lesion was partially reversible. While the addition of iron to the deficient cells increased the rate of chlorophyll synthesis, it did not alter the increased length of the lag period that occurs in iron deficiency. Under severe iron-deficiency conditions, no chlorophyll was detected over a 20-hour interval, even with addition of iron.
An optimum concentration for the promotion of chlorophyll formation by iron was found at about 10-5 AI added iron ( fig 3) ; significant promotion of chlorophyll synthesis was obtained with as little as 3 X 10-8 3,i iron added to the deficient suspension.
Promotion of chlorophyll synthesis by added iron was found to be independent of the pH of the induction medium from pH 3.5 to Additions to Euglenia Cell Suspensions Euglena was grown under low light intensity either with (iron-sufficient) or without (iron-deficient) the addition of 3 X 10-5M iron, then harvested, washed, resuspended in water, and shaken at 250 under 1500 ft-c of light. Chlorophyll synthesis was measured as Atg chlorophyll. hour-1 * mg protein-N-1. 
Discussion
Euglena gracilis has a number of promising characteristics as a test system for the study of the means by which iron controls chlorophyll synthesis and growth: under our specified conditions chlorophyll synthesis is rapid, highly repeatable and absolutely dependent on the iron content of the cells. Growth is also dependent on iron, but chlorophyll synthesis can occur independent of growth. Thus Euglena appears to represent the kind of organism recommended by Pirson (15) for the solution of problems in mineral nutrition.
While we have not obtained direct information by which the site or sites of iron action can be identified, the data does permit certain generalities about iron in Euglena.
From the observation that decreased chlorophyll synthesis occurred in cells which had been growing at normal rates (fig 1,3) , it is clear that the iron required for growth is associated with sites that are distinct from the iron required for growth. Another observation, that the x-intercept is positive in the chlorophyll-iron curve, shows that there exists a pool of iron in the cell which is absolutely unavailable for chlorophyll synthesis. Oertli and Jacobson (12) published a composite graph for a variety of higher plants, qualitatively similar to our figure 4, and also showing iron unavailable for chlorophyll synthesis.
In view of our finding that 2,4-dinitrophenol fails to inhibit chlorophyll formation (table V), it seems unlikely that oxidative phosphorylation could be the energy source for this synthetic process. It may be that chlorophyll formation is dependent on photophosphorylation. This possibility is supported by Carell's (unpublished) finding that inhibitors of photophosphorylation do inhibit chlorophyll formation.
We shall report later (Carell and Price, in press) on the employment of this Euglena system in studying the relation of porphyrin metabolism to chlorophyll synthesis.
Summary
When Euglena gracilis are grown first under low light intensity and then shaken under high light intensity in a nonnutrient buffer, chlorophyll is synthesized rapidly with high repeatability, and in absolute dependence on the iron content of the cells.
Chlorophyll formation in iron-deficient cells is promoted by iron but not by other components of the growth medium. The iron deficiency "lesion" is partially and specifically reversible.
A graph of chlorophyll synthesis as a function of the iron content of the cells shows the rate of chlorophyll synthesis rising linearly from zero to a saturating value of iron, beyond which the rate remains constant over a 20-fold range of iron contents.
Chlorophyll synthesis may be as little as one-third of control rates at iron contents where growth remains normal.
Chlorophyll synthesis may occur without net synthesis of protein and is not inhibited by 2,4-dinitrophenol.
The form of the newly found chlorophyll appears to be principally chlorophyllide a.
